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Abstract: With significant interest in the use of high temperature superconducting (HTS) components in electric aircraft, 
there is a need for novel modelling techniques that allow architecture-level studies of the electrical systems including HTS 
components. In this paper, a simple electric network architecture, as proposed in the literature has been considered, which 
includes Generators, dynamic Propulsion load and Cables. This Electric Network has been modelled considering 
conventional technology and using HTS cables by replacing the conventional copper cables, to evaluate the variations in the 
network performance. The network performance has been studied for the dynamically varying propulsion load, which is 
nearly equivalent to the aircraft load over the entire flight duration. Following this, Electric Faults have been applied at 
various locations and the impact of HTS cables on the network fault levels have been evaluated. The fault current levels are 
compared using both conventional and HTS cables, due to the fault current limiting properties of the HTS cables, they are 
observed to offer lowered fault current values. 
 
1. Introduction 
Global air traffic passenger demand has been steadily 
increasing over the last decade, at a yearly average rate of 
5.4% [1]. With steady increase in air traffic and increased 
atmospheric pollution, stringent emissions targets were 
imposed by the aviation authorities for the next generation 
aircraft technologies, resulting in a demand for alternate 
aircraft propulsion technologies. 
‘More electric’ aircraft technologies were already a 
reality, with hydraulic and pneumatic systems being partly 
replaced with electrical solutions [2]. Significant research is 
currently being focused on electric aircraft propulsion as a 
possible avenue for improving efficiency and emissions.  
NASA has been a pioneer in pushing the turbo-
electric distributed propulsion (TeDP) technology, in 
collaboration with major aerospace companies [3-7]. They 
have published several aircraft studies, which includes: use 
of boundary layer ingestion (BLI) to improve propulsion 
efficiency and using large quantities of batteries as a source 
of propulsive power. However, although these studies show 
possible ways of using electric propulsion, there are still 
certain technological challenges to be considered. Electrical 
components must be redesigned for aeronautical application 
[8,9], and there is a need for lightweight distribution 
systems to transmit power within the aircraft. 
Simple force balance calculations can show that even 
small commercial passenger aircraft will require 10s of 
MVA of propulsion power [9,10]. For transferring such a 
huge power along the body of an aircraft, conventional 
copper cables were no longer feasible due to 
weight/efficiency restrictions. With light weight, negligible 
losses and large power densities, HTS (High Temperature 
Superconducting) cables have been proposed for this 
application. HTS cables have already been installed in 
various power grids world-wide, and also in ships for 
specific applications [11-13]. 
Based on accuracy, efficiency and complexity of the 
application, several modelling platforms and ideas have 
been proposed for applied superconductivity. Saying this, in 
regards to cables, there is a huge need for fast responding 
models, but with considerable accuracy range. Several 
attempts have been made in the literature, but they are 
limited only to the electrical domain modelling of HTS 
cables [14]. In this paper, a new electrical and thermal 
coupled superconducting cable model, in regards to the 
triaxial cable design is proposed. 
With very few manufacturers and stigma behind the 
application of HTS cables, there is a need for more research 
to understand their performance under various 
circumstances, particularly for the dynamic aircraft 
propulsion energy demand. The use of HTS devices on 
board the aircraft was investigated in the literature, but was 
limited only to feasibility studies from the scope of mass, 
efficiency and cryogenic design [15, 16]. While, for the first 
time this paper simulates the performance of a conceptual 
turbo-electric aircraft power system with HTS cables. 
Similarly, a thermo-electric cable model for the HTS cable 
is presented for the first time in this paper, using the 
analytical approach. The dynamic resistance characteristics 
of the HTS cable model are studied, which proves the cable 
model to be robust and reliable. This paper also investigates 
the quench performance of HTS cables under the fault 
current scenarios inside the aircraft power system. The fault 
current levels of the electric aircraft’s network are invested 
using both HTS and copper cables, emphasising the 
importance of the HTS cables in the overall network 
performance 
2. Turbo-Electric Aircraft Architecture  
Use of electric machines for propulsion purpose in 
place of high performance engines, would redefine the 
aircraft power system architecture. Based on the feasibility 
studies carried out by NASA in collaboration with Rolls-
Royce, a few top level architecture designs have been put 
forward [17,18]. They are listed as DC, AC-DC and AC, 
based on the transmission system voltage type with each 
having their own pros and cons. The AC candidate 
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architecture stands out to be unique, with high efficiency 
and drastically reduced mass due to the removal of power 
electronics, compared to the AC-DC and DC candidate 
architectures. Although there are problems associated with 
an architecture of this type, we adopt a similar concept in 
this initial study to avoid undue complexity. 
For now, we also use conventional machines in our 
architecture to avoid the complexity of modelling the 
superconducting machines. Being the early stages of 
modelling the network performance of the electric aircraft 
propulsion system, no protection or fault clearance strategies 
have been included in this model as shown in Fig. 1. Thus, 
the circuit breakers (C.B.) were assumed to be not operating 
under the fault scenario, letting the fault to be present for the 
entire 5 cycles duration and also the loss from C.B.’s is 
assumed to not effecting the temperature of HTS cables. 
Thus with bus ties being considered as open, the simulated 
branch was as shown in Fig. 1.  
The idea behind this selected architecture for the 
aircraft was based on a consideration that there will be two 
different power systems inside the aircraft, one being the 
propulsion power system operating at medium voltage (600 
V- 69 kV) [17], while the normal utility power system is 
separate and being operated at low voltage (< 600 V). This 
makes sense in terms of aircraft manufacturing, as the 
passengers will be exposed to the maximum of normal 
operating low voltage and also removes the need for extra 
converters/transformer inside the aircraft, which requires 
extra room and adds significant weight. 
The proposed architecture has been modelled in 
Matlab/Simulink with two generators feeding in the power 
to the four Propulsion motors with the combined maximum 
power demand of 10 MW.  The generator was assumed to 
be an unsaturated salient pole synchronous machine model 
for this study. The unique characteristic of the aircraft power 
demand is its dynamic nature, which varies from zero to its 
maximum power within a very short time. To simulate its 
characteristics, a similar propulsion demand curve has been 
imposed on the load uniformly as shown in Fig. 2. 
3. HTS Cable Model  
Superconducting materials were well known for their 
highly non-linear and exponential properties, which make it 
very difficult to model them for engineering applications. A 
wide variety of software’s have been used in literature to 
model the superconducting properties, which can be broadly 
categorized into software’s solving for field models and 
circuit models. With each having their pros and cons, field 
models are still not capable of solving the system level 
models. For architectural level modelling, signal-based 
methods are suitable. The models presented in this paper 
have been implemented in Matlab/Simscape, using the 
Simulink environment.   
Several attempts have been made in literature to 
model superconducting power appliances, particularly with 
regard to SFCL and SMES [19,20]. Only a few papers have 
worked on modelling the superconducting cables, even then 
they were limited only towards their integration into the 
power grid applications [21]. Since turbo-electric aircraft 
propulsion systems were a microgrid, it must be modelled 
and optimized very carefully, as the failure of the smallest 
part can lead to a catastrophic failure of the entire grid. In 
this model, Simscape alone has been utilized to model its 
properties, which makes it very easy to interconnect it with 
all other models based on Simscape signals. 
A triaxial cable design has been chosen for this 
model, cooled down by LN2 as shown in Fig. 3. Similarly, 
the parameters employed for modelling the HTS cable are as 
listed in the Table I. For simplification, the HTS tape is 
considered to have only the HTS layer and Copper layer, 
neglecting the other layers in both electrical and thermal 
 
 
 
Fig. 2. Dynamic Propulsion load of a typical conventional Aircraft. 
 
 
 
 
Fig. 3. Layout of the 3 Phase, Triaxial HTS cable in Simscape. 
 
 
 
 
Fig. 1. Single line diagram of the proposed architecture of Turbo-Electric 
Aircraft, where ‘G’ stands for generator, ‘M’ for motor and ‘X’ for C.B.’s. 
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models. As copper and HTS layers being the sole 
electrically conducting materials within the HTS tape, this 
assumption was valid electrically. While, neglecting the 
other layers could possibly impact the thermal 
characteristics, which was not considered in the present 
study. The highly nonlinear property of HTS material has 
been modelled using the E-J power law, according to 
equation (1)[22]. 
 
𝜌𝐻𝑇𝑆 =
𝐸𝐶
𝐽𝐶(𝑇)
(
𝐽
𝐽𝐶(𝑇)
)
𝑛−1
 𝑇 < 𝑇𝐶 , 𝐽 < 𝐽𝐶  (1) 

where, ρHTS is the “resistivity of HTS material (Ω.m)”, Ec 
being the “critical electric field (V/m)”, Tc being “critical 
temperature (K)”, Jc being the “critical current density 
(A/m2)” and n is made equal to 21. The critical current 
density, Jc of the HTS material does vary w.r.t the operating 
temperature, T according to equation (2). 
 
𝐽𝐶(𝑇) = 𝐽𝐶0 (
𝑇𝐶 − 𝑇
𝑇𝐶 − 𝑇0
)
1.3
 (2) 
 
Similarly, the resistivity of the copper also changes 
with temperature and is modelled according to equation (3). 
 
𝜌𝐶𝑢 = (0.0084𝑇 − 0.4603) × 10
−8, 𝑇 > 𝑇𝐶  (3) 
 
where, ρCu is the “resistivity of copper stabilizer (Ω.m)” and 
Tc being the critical temperature of the HTS tape. ρCu plays 
the key part during the fault/quench operation. In this paper, 
the thickness of the copper stabilizer is assumed to be of 50 
µm.  
The lumped electrical model of the cable is built 
using the Π configuration as shown in the Fig. 4 and the 
inductance and capacitance values used in the model are as 
shown in Table 2.  
To simulate the thermal properties, the heat source is 
modelled using the current being propagated in both the 
copper stabilizer and HTS layer, according to equation (4). 
 
𝑃𝑑𝑖𝑠𝑠(𝑡) = 𝑖𝐶𝑢(𝑡)
2𝑅𝐶𝑢(𝑡) + 𝑖𝐻𝑇𝑆(𝑡)
2𝑅𝐻𝑇𝑆(𝑡) (4) 
 
The power dissipated from the three phases was fed 
as a heat source to the thermal model, while the operating 
temperature of the LN2 is set at 70 K, i.e. somewhat 
subcooled to improve HTS performance. A 2D HTS cable 
model is built using COMSOL (a field model), to achieve 
the AC loss results, to be used inside the analytical model as 
shown in Fig. 5. Thus using this field model, AC losses for 
 
Fig. 4. Lumped electrical network model of the HTS cable built using the 
Π configuration. 
 
 
 
 
Fig. 5. 2D AC triaxial HTS cable cross-sectional layout used for 
developing the analytical HTS cable model. 
  
 
 
Fig. 6. AC loss values of the HTS cable for varying applied current 
values. 
 
 
Table 1 Operating parameters of the HTS cable. 
 
Cable Parameters 
 
Value 
Rated Voltage 
 
4160 V (rms) 
IC of each phase (@70 K)  
 
2000 A (peak) 
Total Length 
 
100 m 
Cooling Medium 
 
LN2 (70 K) 
 
 
Table 2 Electrical parameters of the HTS cable. 
 
Self-Inductance 
(µH/km) 
Mutual-Inductance 
(µH/km) 
Capacitance 
(nF/km) 
 
LA 152.69 MAB 58.19 CAB 
 
668.83 
LB 93.87 MBC 45.02 CBC 
 
864.52 
LC 48.85 MCA 103.22 CCGnd 
 
796.77 
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the particular geometry with varied applied currents have 
been modelled and are given as a function of applied current 
as seen in Fig. 6.  
The heat model has been modelled for the first time 
using the Simscape thermal components, which will 
significantly improve the accuracy of the results. The 
parameters of the heat model were made as variables and the 
values of thermal conductivity and specific heat were 
defined as a function of temperature [23]. Considering a 
uniform heat flow in the radial direction through several 
layers of the HTS cable, the thermal conduction process 
along the solid layers is modelled by using the equation (5) 
 
𝑞(∆𝑇) = 𝐴 × 𝜆 ×
∆𝑇
∆𝑥
 (5) 
 
where, ΔQ is the “heat transferred (W)”, A being the “cross-
sectional area of the layer (m2)”, ΔT is the “difference in 
temperature across the layers (K)”, Δx is the “thickness of 
the layer (m)” and λ is the “thermal conductivity of the layer 
(W/(m.K))”. Similarly, whenever a certain heat is applied, 
the layer absorbs it to a certain extent before transferring it 
to the next adjacent layer. This was defined as the thermal 
mass and was modelled as shown in the equation (6).  
 
𝑞(∆𝑇) = 𝑚 × 𝐶𝑝 × ∆𝑇 (6) 
 
where, m is the “mass of the conduction layer (kg)”, Cp is 
the “specific heat (W/(kg.K))”. Similarly, the thermal 
conduction between the LN2 and the cryostat wall is 
modelled using a convective heat transfer equation, as 
shown in equation (7).  
 
𝑞(∆𝑇) = 𝐴 × ℎ × ∆𝑇 (7) 
 
where, h is the “heat transfer coefficient of the LN2 medium 
(W/(m2.K))”. It has been found in the literature that the heat 
transfer co-efficient of LN2 does vary w.r.t. operating 
temperature, which makes it very critical for quench 
modelling [24]. Thus the heat transfer coefficient ‘h’ of LN2 
has been also modelled as a variable as shown in Fig. 7. 
To evaluate the characteristics of the cable, a 
ramping DC current (1000 A/sec) was applied across every 
layer with the other layers short-circuited. The resistance 
characteristics of the HTS cable model with applied current 
is as shown in Fig. 8. The minimum resistance offered by 
the HTS layer for the applied current was observed to be as 
low as 1E-30 Ω from the HTS cable model. It was observed 
that these characteristics do change with the ramping rate, 
resulting in varied operating temperatures thus leading to 
varied resistance characteristics with applied current. 
4. Network Performance 
The turbo-electric propulsion network as seen in Fig. 
1 with the HTS cables has been modelled under the dynamic 
loading condition as shown in Fig. 2. The two generators are 
observed to power the motors without any ripples and the 
power output of the generators is similar to the load profile, 
as shown in Fig. 2. The generators, each were rated for 10 
MVA peak capacity, considering redundant operation. Thus, 
under normal conditions, each generator was loaded to a 
maximum power of 5 MVA, with the HTS cable loaded to a 
peak current of 1000 A. A R-L load was used to simulate 
dynamic propulsion load of the motors, with a power factor 
of 0.9. This assumption undermines the variable frequency 
response of the power system, as the frequency of the power 
system was supposed to vary in accordance with the power 
demand, with the motors and generators being synchronised. 
But, the current study was limited to the fault current 
response and this assumption will not have any impact on 
the achieved results. 
In order to understand the dynamic stability of the 
network under different fault conditions, i.e. both 
symmetrical (LLL-G and LLL) and unsymmetrical (L-G, 
LL and LL-G) faults have been simulated. 
 
 
4.1. Under Single phase to Ground (L-G) fault 
 
A single phase to ground fault has been introduced at 
the terminations of motor 4, under the climb scenario as 
seen in Fig. 1 and Fig. 2. A short-circuit fault with a 
resistance of 1 mΩ was simulated for a duration of 5 cycles, 
to understand the performance of generators and HTS cable 
characteristics in the network during the fault period. The 
generator was also observed to get affected in its 
 
 
 
Fig. 7. Variable heat transfer coefficient of the LN2 [23]. 
 
 
 
 
Fig. 8. Variable resistance characteristics of the 3-Phase HTS AC cable. 
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performance during the fault current and a pulsated power 
output, resulting from the sudden increase in the resistance 
of the HTS cable. During the residual fault period, a 
significant amount of ripple was observed in the generator 
output as shown in Fig. 9. 
 
Similarly, the voltage and current profiles of the 
network, during the fault were as seen in Fig. 10. The 
maximum fault current magnitude generated was observed 
as 3.5 kA. The fault current was observed to be limited, due 
to the fault current limiting characteristics of the HTS cable. 
From Fig. 11, it was observed that the temperature of the 
phase A superconducting layer increased, leading to a 
reduced critical current rating of the HTS as seen in 
equation (2), thus increasing the HTS resistance 
exponentially following the equation (1). 
Beyond 93 K, finally HTS loses its superconductivity 
property, thus forcing the entire current into the copper 
stabilizer. This sudden change in resistance could cause a 
ripple as observed in the voltage curve of the Fig. 10, 
between 30-35 ms duration. In this paper, the fault current is 
simulated only for 5 cycles, but under continued operation, 
the cable is observed to remain in a quench state with the 
temperatures reaching up to as high as 600 K, which can 
lead to the permanent damage of cable. Hence, a circuit 
breaker was required in series to the cable, designed to 
operate at the immediate zero crossing, after the fault 
inception. 
 
4.2. Under all other faults 
 
Similar analysis has been done on the network model 
for all the other faults. For the comparison purpose, the 
network model has been simulated with the conventional 
copper cable model as well. Considering the large ampacity 
 
 
 
Fig. 9. Output power of generator 2, during the fault condition. 
 
 
(a) 
 
(b) 
 
Fig. 10. Current (a) and Voltage (b) characteristics of the electric network, 
under fault duration using HTS cable. 
 
 
 
Fig. 11. Temperature profile of the HTS cable during the fault condition. 
 
 
 
 
Fig. 12. Comparison of fault currents experienced by phase A of electric 
network using both HTS and Copper cables for an L-G fault. 
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requirements, three independent cables were assumed for 
three given phases. The parameters of the copper cable were 
set as 20 mΩ/km, 500 µH/km and 300 nF/km. A phase – 
ground short circuit fault was introduced at the propulsion 
load terminals, leading to a sharp increase in the fault 
current magnitude within the phase A. Fig. 12 shows the 
comparison between the fault currents experienced by the 
phase A of the electric aircraft network, employing both 
HTS and copper cables. The fault current magnitude of the 
HTS cable was limited to only 3.5 kA due to the quench, 
while the fault current magnitude employing the copper 
cable has reached as high as 13.3 kA with no means to 
control it. Similarly, various other kinds of faults have been 
introduced and the corresponding fault current values have 
been summarized in the Table 3, quantifying the maximum 
fault current magnitude using both copper and HTS cables. 
5. Conclusions 
A simple turbo-electric aircraft propulsion network 
has been modelled in this paper, giving a good insightful 
knowledge of the network performance under the normal 
and fault current scenarios. It has been observed that, 
irrespective of the time of fault occurrence (i.e. climb, cruise 
and descent states), there was not much change in the fault 
magnitude and machine performance. 
The developed HTS cable model was observed to 
work very efficiently, offering negligible resistance during 
the normal condition and increasing exponentially with fault 
current without any convergence problems. Using this novel 
model, the entire network has been modelled for all faults, 
giving detailed information of the reliability of HTS cable 
performance under various electrical faults and the figures 
were shown in particular to single phase to ground (L-G) 
fault. The HTS cables were observed to quench the fault 
current magnitude by 1/5th of the copper cable results, thus 
reducing the rating of the switchgear required inside the 
electric network. It was observed that the maximum fault 
current rating and heat dissipated inside the HTS cable can 
be controlled by the design and also with the rating of the 
HTS cable. 
Certain assumptions have been made in this paper, 
which includes: LN2 input and output temperature to be 
constant and unlimited cooling capacity, Ic value to be 
uniform along the entire length of cable and the generators 
to power the propulsion motors separately, rather than in a 
synchronous manner. As a part of future work, the cable 
needs to be modelled as a distributed model and needs to be 
investigated for quench propagation, to optimize the Circuit 
Breaker operating conditions. Similarly, the performance of 
the generators operating in a synchronous manner under the 
influence of fault scenarios, needs to be investigated, 
highlighting the current sharing phenomena among the 
cables as well. The models developed can be reconfigured 
into different architectures, thus leaving a wide variety of 
research scope to the present study. The addition of other 
superconducting components, as well as converters, will 
allow more complex propulsion systems to be modelled. 
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